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The Cone Pedicle, a Complex Synapse in the Retina
cytoplasm at these junctions, and their possible functionSilke Haverkamp,* Ulrike GruÈ nert,*²
is unknown (Raviola and Gilula, 1975).and Heinz WaÈ ssle*³
The transmitter of the cones is glutamate (Massey,*Neuroanatomische Abteilung
1990), and the release sites are most likely associatedMax-Planck-Institut fuÈ r Hirnforschung
with the ribbons that guide the vesicles to the regionsDeutschordenstrasse 46
of exocytosis (Rao-Mirotznik et al., 1995). GlutamateD-60528 Frankfurt/Main
release from cone pedicles is Ca21 dependent and vesic-Germany
ular (Schmitz and Witkovsky, 1997). Cones respond to²Department of Physiology F13
light with graded electrical potentials (Schneeweis and
University of Sydney Schnapf, 1995, 1999), which modulate the glutamate
Sydney, NSW 2006 release. The glutamate concentration in the cone pedicle
Australia synaptic cleft, which ultimately represents the signal of
the light intensity, is determined by three factors: (1)
release, (2) uptake, and (3) diffusion (Vandenbranden et
Summary al., 1996).
Another transmitter involved with the cone pedicle
synaptic complex is GABA, the putative horizontal cellCone pedicles, the synaptic terminals of cone photore-
transmitter (GruÈ nert and WaÈ ssle, 1990). GABA releaseceptors, are connected in the macaque monkey retina
from horizontal cells appears to be Ca21 independent,to several hundred postsynaptic dendrites. Using light
and it has been proposed that a GABA transporter medi-and electron microscopy, we found underneath each
ates this release (Schwartz, 1993, 1999). Dendrites con-cone pedicle a laminated distribution of dendritic pro-
tacting the cone pedicles are, therefore, continuouslycesses of bipolar and horizontal cells. Superimposed
exposed to both glutamate and GABA released in awere three strata of glutamate receptor (GluR) aggre-
light-dependent manner.gates, including a novel layer of glutamate receptors
Molecular cloning has revealed multiple types of glu-
clustered at desmosome-like junctions. They are, tamate receptors (Hollmann and Heinemann, 1994), and
most likely, postsynaptic densities on horizontal cell several studies have recently shown that different sets
dendrites. GABAA and GABAC receptors are aggre- of glutamate receptors (GluRs) are expressed at the
gated on bipolar cell dendrites in a narrow band under- cone pedicle synapse. The metabotropic glutamate re-
neath the cone pedicle. Glutamate released from cone ceptor mGluR6 is preferentially expressed on the den-
pedicles and GABA released from horizontal cell den- dritic tips of invaginating ON bipolar cell processes (No-
drites act not only through direct synaptic contacts mura et al., 1994; Vardi et al., 1998). Ionotropic AMPA
or the kainate type of glutamate receptor is expressedbut also (more so) through diffusion to the appropriate
by invaginating horizontal cell dendrites and by bipolarreceptors.
cell dendrites at basal junctions (Schultz et al., 1997;
BrandstaÈ tter et al., 1998; Vardi et al., 1998; MorigiwaIntroduction
and Vardi, 1999; Qin and Pourcho, 1999; Yazulla and
Studholme, 1999). GABAA and GABAC receptors haveThe cone pedicle provides multiple output synapses for
also been observed at the cone pedicle complex; how-the transfer of the light signal from the cones onto the
ever, they were not directly associated with the triadsbipolar and horizontal cells (Figures 1A and 1B). De-
or basal junctions (Vardi et al., 1992, 1998; Greferath etpending on the retinal location, cone pedicles are 5±8
al., 1994; Enz et al., 1996).mm wide and contain between 20 (fovea) and 42 (periph-
In the present study, we have investigated the local-eral retina) invaginating synapses (Missotten, 1965; Cal-
ization of the glutamate receptor subunits GluR1, GluR2,kins et al., 1996; Chun et al., 1996). They are called
GluR2/3, and GluR4 at the cone pedicles of macaquetriads, because they contain a presynaptic ribbon and
monkey retinae by light and electron microscopy using
three postsynaptic processes: two horizontal cell den- immunocytochemical methods. Glutamate receptors
drites as lateral elements and one or two bipolar cell were found to be specifically clustered at the invagi-
dendrites as central elements (Figures 1A and 1B). In nating dendrites of horizontal cells, at the flat contacts
addition to these invaginating synapses, bipolar cells made by bipolar cells and at the desmosome-like junc-
make many flat contacts (basal junctions) with the cone tions. We also studied the localization of GABAA andpedicle base (Dowling and Boycott, 1966). Altogether, GABAC receptors on bipolar cell dendrites and the ex-several hundred synaptic contacts are densely packed pression of the vesicular GABA transporter (VGAT) by
at the cone pedicle base (Missotten, 1965; Chun et al., horizontal cells. An elaborate, laminated architecture of
1996). Underneath the cone pedicle (Figures 1A and 1C), bipolar and horizontal cell dendrites underneath the
desmosome-like junctions have been described be- cone pedicle was uncovered.
tween the dendrites of bipolar and/or horizontal cells
(Missotten, 1965; Raviola and Gilula, 1975; Boycott and Results
Hopkins, 1993). None of the structures usually associ-
ated with polarized synapses have been found in the Immunocytochemical Localization
of Glutamate Receptors
Cones of the macaque monkey retina are arrayed in a³ To whom correspondence should be addressed (e-mail: waessle@
mpih-frankfurt.mpg.de). regular mosaic (Figure 2B), and cone pedicles are lined
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Figure 1. Structure of the Cone Pedicle of the Macaque Monkey Retina
(A) Schematic drawing of side view through a cone pedicle. Four presynaptic ribbons, flanked by synaptic vesicles, and four triads are shown.
Invaginating dendrites of horizontal cells (medium gray) form the lateral elements, and invaginating dendrites of ON cone bipolar cells (light
gray) form the central elements of the triads. OFF cone bipolar cell dendrites (dark gray) make flat contacts at the cone pedicle base.
Desmosome-like junctions (small bar pairs) are found at a distance of 1±2 mm underneath the pedicle.
(B) Reconstructtion of the horizontal, bottom-up view of a cone pedicle (Chun et al., 1996). The short black lines represent the ribbons.
Invaginating ON cone bipolar cell dendrites (light gray) and horizontal cell dendrites (darker gray) form the 40 triads associated with the
ribbons. Flat contacts are not shown; however, they would cover most of the surface in the center of the pedicle.
(C) Electron micrograph of a vertical section through the synaptic complex of a cone pedicle base. The upper third of the micrograph shows
the cone pedicle filled with vesicles. A typical triad, containing a presynaptic ribbon (arrowhead), two lateral horizontal cell processes (ªHº),
and one invaginating bipolar cell dendrite (star) is present in the upper left part. A flat (basal) contact is indicated by an asterisk. Two
desmosome-like junctions are indicated by arrows.
Scale bars, 2 mm (B) and 0.5 mm (C).
up along the outer margin of the outer plexiform layer pedicle base. The same held true for the GluR2- and
the GluR2/3-immunoreactive bands (data not shown).(OPL) (Figure 2A). Glutamate receptors in the OPL are
aggregated in groups of puncta (hot spots) that are in
register with the cone pedicles (Figures 2C±2F). In the Desmosome-like Junctions Represent Glutamate
case of GluR1, one band of puncta can be detected Receptor Clusters
(Figure 2C); in the case of GluR2/3 (Figure 2D) and GluR4 To further analyze this surprising clustering of GluRs
(Figure 2E), two bands, 1.5 mm apart, are aligned with below the cone pedicle base, electron microscopy was
the cone pedicle base. The horizontal view shows the applied to well-fixed vertical sections (Figure 1C). The
clustering of glutamate receptors at the cone pedicles known structure of the cone pedicle (Dowling and Boy-
in more detail (Figure 2F). Between 30 and 50 puncta cott, 1966) with ribbons and with invaginating and flat
are aggregated at the cone pedicles in the case of GluR4 contacts is apparent in Figure 1C; in addition, at a dis-
(Figure 2F), and by changing the focal plane the two tance of 1.5 mm from the cone pedicle base, desmo-
strata can be distinguished under the microscope. some-like junctions can be detected (arrows in Figure
Our first interpretation regarding the two strata of GluR 1C). Although these junctions have been observed al-
immunoreactivity derived from what was already known ready in the earliest electron micrographs of cone pedi-
about the synaptic architecture of the cone pedicle (Fig- cles (Missotten, 1965) and have also been described in
ure 1A): we thought the upper band represented a clus- a freeze fracture study (Raviola and Gilula, 1975), their
tering of GluRs at the tips of invaginating horizontal cell true nature is not understood (Boycott and Hopkins,
dendrites and interpreted the lower band as an aggrega- 1993). They do not represent conventional chemical syn-
tion of GluRs at basal junctions (OFF cone bipolar cells). apses, since an aggregation of synaptic vesicles cannot
To define the relative position of the bands with re- be detected on either side of the junction.
spect to the cone pedicle base, sections were double To determine whether they are desmosomes, we im-
immunolabeled for GluRs and PSD-95 (postsynaptic munostained monkey retinae for proteins that are usu-
density protein 95). PSD-95 has been shown previously ally expressed in adherens junctions, desmosomes, and
to label the membrane of cone pedicles and rod spher- tight junctions (Gumbiner, 1996). Plakoglobin (g-catenin)
ules (Koulen et al., 1998a). Figures 3A±3C show that was expressed in a sparse population of puncta in the
GluR1-immunoreactive puncta coincide with the basal ganglion cell layer (GCL), desmocollin-labeled puncta in
membrane of cone pedicles. The two GluR4 bands (Fig- the outer nuclear and ganglion cell layers. Desmoplakin
ures 3D±3F) showed an unexpected stratification: the was not expressed in the monkey retina; however, it
upper band coincided, in fact, with the cone pedicle showed a punctate label associated with the basal lam-
ina of the mouse retina. Recently, neurojungin, a novelbase, while the lower band was 1.5 mm below the cone
Cone Pedicle Synaptic Architecture
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Figure 2. Localization of Glutamate Receptor Subunits at the Macaque Monkey Cone Pedicle Base
(A) Vertical view of 4 cones that were immunostained for calbindin; the box outlines the cone pedicle region, and all of the following fluorescence
micrographs illustrate this small part of the retina.
(B) Horizontal view of the cones (calbindin-immunolabeled) and rods (unlabeled) in the peripheral retina.
(C±E) Fluorescence micrographs of vertical cryostat sections through the OPL that were immunolabeled for GluR1, GluR2/3, and GluR4.
Immunofluorescence is punctate and confined to individual cone pedicles (9 in [C], 9 in [D], 5 in [E]). The arrow in (D) points to weak label in
rod spherules.
(F) Horizontal section labeled for GluR4. The GluR4-immunoreactive puncta are aggregated at 11 cone pedicles.
Scale bars, 10 mm.
ªjunctionº protein, has been identified from the bovine symplekin, ZO-1) and of the three antibodies we applied
to the monkey retina (plakoglobin, desmoplakin, desmo-retina (Paffenholz et al., 1999). Neurojungin was local-
ized to the outer limiting membrane (OLM), where photo- collin), none labeled the desmosome-like junctions in
the OPL.receptors and MuÈ ller cells form a dense array of junc-
tions. The OLM also expressed other junction proteins We wanted to test the hypothesis that these desmo-
some-like junctions correspond to the GluR2/3- and the(N-cadherin, plakophilin 2). Of the numerous antibodies
applied to the bovine retina by Paffenholz et al. (1999) GluR4-immunoreactive hot spots below the cone pedi-
cle. Electron micrographs of GluR1, GluR2/3, and GluR4(pan-cadherin, vinculin, b-catenin, a-catenin, occludin,
Figure 3. Localization of GluR1 and GluR4 at the Cone Pedicle Base
(A±C) Fluorescence micrographs of a vertical cryostat section through the OPL that was double labeled for GluR1 (A) and PSD-95 (B). The
outer membranes of cone pedicles (six larger profiles) and rod spherules (smaller, round profiles) are strongly immunoreactive for PSD-95.
The micrograph in (C) shows a superposition of (A) and (B), and (D through (F) show fluorescence micrographs of a vertical cryostat section
through the OPL that was double labeled for GluR4 (D) and PSD-95 (E). The micrograph in (F) shows their superposition. Scale bars, 10 mm.
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Figure 4. Electron Micrographs of the Synaptic Complex at the Cone Pedicle Base
In this and the following electron micrographs, the immunolabeling tolerated only short fixation times; therefore, the tissue preservation is
compromised.
(A) The upper part shows a cone pedicle and two synaptic ribbons (closed arrowheads). Two flat contacts of bipolar cells (open arrows)
express GluR1 immunoreactivity. Several desmosome-like junctions (arrows) appear unlabeled.
(B) GluR4 label is present in two invaginating horizontal cell dendrites and one flat bipolar cell contact (open arrowheads). Several desmosome-
like junctions (arrows) show GluR4 immunoreactivity (arrows).
(C) GluR2/3 label is present in two invaginating horizontal cell dendrites (open arrowheads). Several desmosome-like junctions (arrows) are
intensely labeled.
(D) The synapse-associated protein SAP102 decorates two horizontal cell processes within the triad (open arrowheads) and is also found at
desmosome-like junctions (arrows). Scale bar, 1 mm.
immunolabeling are shown in Figures 4A±4C. The GluR1 Several proteins have been shown recently to be in-
volved with the clustering and anchoring of transmittersubunit was generally found in putative cone bipolar cell
dendrites at basal junctions (Figure 4A). In rare cases, receptors at postsynaptic densities (Kennedy, 1997).
One of them is SAP102 (synapse-associated proteinGluR1 immunoreactivity was associated with rod spher-
ules (data not shown; Hack et al., 1999). GluR4 labeling 102), and we have shown previously in the rat retina that
SAP102 is clustered at postsynaptic densities both inwas observed at basal junctions, in invaginating hori-
zontal cell processes (Figure 4B; one or both were found the OPL and inner plexiform layer (Koulen et al., 1998b).
A section through a cone pedicle labeled for SAP102 isto be labeled), and in lateral elements of rod synapses
(data not shown). It has to be emphasized that preem- shown in the electron micrograph of Figure 4D. SAP102
is associated with invaginating processes of horizontalbedding immunolabeling is not a quantitative method,
and the percentage numbers given below almost cer- cells, and it is also found at the desmosome-like junc-
tions. Among 26 junctions, we that found in 16% bothtainly underestimate the actual expression. We exam-
ined 71 triads and found that in 14% both lateral ele- sides were labeled, in 38% only one side was labeled,
and in 46% both sides were unlabeled. This observationments were labeled, in 74% one lateral element was
labeled, and in 12% both were unlabeled. In addition, was further supported by light microscopic experiments
(data not shown), in which, similar to the GluR2/3 andGluR4 immunoreactivity was also observed at the des-
mosome-like junctions below the cone pedicle (Figure GluR4 bands shown in Figures 2D and 2E, two bands
of puncta were present in SAP102-immunolabeled sec-4B). Among 39 junctions, we found that in 36% both
sides were labeled, in 33% only one side was labeled, tions. These results suggest that the desmosome-like
junctions are not desmosomes but rather postsynapticand in 31% both sides were unlabeled. Hence, GluR4
subunits can be clustered at these junctions in a way densities at which glutamate receptors appear to be
clustered. It is interesting in this context that Raviolasimilar to their aggregation in postsynaptic densities.
The GluR2/3 subunits were also observed at these des- and Gilula (1975) noticed that the membrane structure
of the desmosome-like junctions was very similar to themosome-like junctions (Figure 4C), at flat bipolar cell
dendrites and in invaginating horizontal cell processes. membrane of the invaginating horizontal cell processes
Cone Pedicle Synaptic Architecture
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Figure 5. The Architecture of Horizontal Cell Dendrites at the Cone Pedicle Base
(A±C) Fluorescence micrographs of a vertical section through the OPL that was double labeled for GluR4 (A) and PV (B). The section passed
through three cone pedicles.
(C) Superposition of (A) and (B) shows the close correspondence between GluR4 clusters and the dendritic tips of horizontal cells.
(D) Electron micrograph of a vertical section through the cone pedicle base that was immunolabeled for PV. PV immunoreactivity is prominent
in the dendritic tips of horizontal cell dendrites inserted as lateral elements into the triads (open arrowheads). PV immunoreactivity is also
found in the horizontal cell processes that form the desmosome-like junctions (arrows), 1.5 mm underneath the cone pedicle base. Closed
arrowheads point to the ribbons.
Scale bars, 10 mm (A±C) and 1 mm (D).
beneath the ribbon. This is exactly the location of the one side was labeled, and in 8% both sides were unla-
beled. Taken together, the results of Figures 4 and 5localization of GluRs in Figure 4B.
So far, we have shown by light and electron micros- show that (1) desmosome-like junctions are the sites of
GluR aggregates (hot spots), (2) desmosome-like junc-copy that GluRs are clustered at the tips of invaginating
horizontal cell dendrites and at the basal junctions (OFF tions are formed in most instances between horizontal
cell processes, and (3) the neuropil immediately adja-cone bipolar cells), as well as at the so-called desmo-
some-like junctions. Since the release from the ribbons cent to the cone pedicle has a reduced density of hori-
zontal cell processes. This last point suggests that bipo-is the only known source of glutamate at the cone pedi-
cle, we have to postulate that glutamate diffuses not only lar cell dendrites predominate there, and this was tested
in the following way.to the basal junctions but also to the deeper glutamate
receptor layer at the desmosome-like junctions.
Architecture of Bipolar Cell Dendritic Terminals
We applied two bipolar cell markers and studied theirHorizontal Cell Processes Form
Desmosome-like Junctions localization with respect to the horizontal cell dendrites
and the GluR4 bands, respectively (Figure 6). The mono-To find out which cell types express GluR4 at the desmo-
some-like junctions, light microscopy and double immu- clonal antibody against rabbit olfactory bulb (ROB), mAb
115A10, has been found to label ON cone bipolar cellsnolabeling techniques were used. Parvalbumin (PV) in
the OPL is a selective marker of both H1 and H2 hori- of the primate retina (GruÈ nert et al., 1994). A section that
was double labeled for ROB and PV (Figures 6A±6C)zontal cells (RoÈ hrenbeck et al., 1989). In a section that
was double labeled for PV and GluR4 (Figures 5A±5C), showed some overlap of the two markers at the dendritic
tips touching the cone pedicle bases. However, as indi-a close correspondence between the dendritic tips of
horizontal cells at the cone pedicles and the GluR4- cated in Figure 6C, most of the ROB-labeled dendritic
terminals of ON cone bipolar cells fell into the gap leftimmunoreactive puncta can be detected. The gap be-
tween the two bands of GluR4-immunoreactive puncta by horizontal cell dendrites at the cone pedicle base.
We also double labeled sections for GluR4 and for(Figure 5A) is also present in the PV-immunoreactive
dendritic tips of horizontal cells (Figure 5B). PKCb (Figures 6D±6F), which has been shown to label
most bipolar cells of the primate retina (GruÈ nert et al.,We also studied PV-immunolabeled sections by elec-
tron microscopy. The section in Figure 5D shows the 1994). Once again, the PKCb label at the cone pedicles
fell between the GluR4 bands (Figure 6F). These resultsneuropil underneath a cone pedicle base. Invaginating
horizontal cell processes that form the lateral elements suggest a precise stratification of horizontal cell and
bipolar cell dendrites and of glutamate receptors under-of triads are labeled. A band of 1±2 mm width underneath
the cone pedicle contains only a few labeled horizontal neath the cone pedicle base. We also performed double
labeling experiments for the glutamate transporter GLT-1cell processes; beyond that gap, PV-immunoreactive
horizontal cell processes are again observed. Moreover, and ROB (data not shown). GLT-1 has been shown to
be a marker of OFF cone bipolar cells, whereas ROBthese labeled processed engaged in contacts at the
desmosome-like junctions. Among 26 junctions, we labels ON bipolar cells (GruÈ nert et al., 1994). Dendrites of
OFF cone bipolar cells were concentrated at a positionfound that in 84% both sides were labeled, in 8% only
Neuron
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Figure 6. The Architecture of Bipolar Cell Dendrites at the Cone Pedicle Base
(A±C) Confocal micrograph of a vertical section through the OPL that was double labeled for PV and ROB (mAb 115A10). The section shows
the OPL close to the fovea, where cone pedicles are densely packed. The arrows highlight two cone pedicles and point to horizontal cell (A)
and bipolar cell (B) dendritic tips contacting two cone pedicles. The few puncta above the cone pedicles (arrowheads) represent the invaginating
contacts of horizontal cell axons and rod bipolar cell dendrites with rod spherules.
(C) Superposition of (A) and (B) shows that horizontal (green) and bipolar (red) cell dendritic tips are not colocalized.
(D±F) Confocal micrographs of a vertical section through the OPL that was double labeled for GluR4 (D) and PKCb (E). The section passes
through five cone pedicles and the dendrites of PKCb-immunoreactive bipolar cells converging at the cone pedicle bases.
(F) Superposition of (D) and (E) shows that bipolar cell dendritic tips (red) are aggregated in between the two GluR4 bands (green).
Scale bars, 10 mm.
closer to the cone pedicle base than were dendrites of shows that GABACRs are sandwiched in between the
GluR2-immunoreactive bands.ON cone bipolar cells.
We also studied the localization of GABAARs by elec-
tron microscopy. The section in Figure 7J passesLocalization of GABA Receptors at the Cone
through a cone pedicle, and GABAAR immunoreactivityPedicle Base
decorates the membranes of bipolar cell dendrites inThere are several reports with respect to the localization
between the cone pedicle base and the desmosome-of GABAA receptors (GABAARs) at the cone pedicle base.
like junctions. Both the light and electron microscopicVardi et al. (1992) described that in the cat retina, cone
results of Figure 7 show that the GABARs are concen-pedicles and bipolar cell dendrites express the a1 sub-
trated underneath the cone pedicle; however, they areunit of the GABAAR. In the primate retina, label was
not aggregated in synaptic hot spots. This localizationrestricted to bipolar cell dendrites (Vardi and Sterling,
of GABAARs on the dendritic tips of bipolar cells is in1994; Vardi et al., 1998). In the rabbit retina, GABAAR a1
perfect agreement with the results of Vardi and Sterlingimmunoreactivity was present on the dendrites of cone
(1994). We would argue that this more distributed local-bipolar cells adjacent to the cone pedicles. GABACR r
ization is adapted to the mode of action of GABA in thesubunits have also been described in the OPL; however,
OPL. Apart from a few interplexiform cell processes,their localization with respect to cone pedicles has not
GABA in the OPL is released principally from the hori-yet been studied (Enz et al., 1996). After observing the
zontal cells, and this release appears to be mediatedlaminated architecture of horizontal cell and bipolar cell
by a GABA transporter (Schwartz, 1993, 1999).dendrites underneath the cone pedicles, we sought to
study the fine architecture of GABARs within this net-
work of processes. GABA Release from Horizontal Cells
Staining of mammalian retinae for the GABA plasmaFigures 7A±7C show a section through five cone pedi-
cles that were double labeled for GluR4 and the a1 membrane transporters GAT-1, GAT-2, and GAT-3 did
not show any labeling of horizontal cells, and it is there-subunit of the GABAAR. GluR4 immunoreactivity (Figure
7A) shows the two bands of hot spots, while the GABAAR fore unlikely that GAT-1±3 represent the horizonal cell
GABA transporter (Honda et al., 1995; Johnson et al.,a1 subunit is concentrated in a single band (Figure 7B).
The superposition of the two micrographs (Figure 7C) 1996; Hu et al., 1999). We repeated the immunostaining
of GAT-1 and GAT-3 in the monkey retina and did notdemonstrates that GABAARs are sandwiched neatly be-
tween the upper and lower bands of GluR4 immunoreac- observe any labeling of horizontal cells. In contrast,
amacrine cells were intensely labeled (data not shown).tivity. Weak GABAAR immunofluorescence is also pres-
ent along the ascending dendrites of bipolar cells and We did not test GAT-2, since it was expressed only in
cells of the pigment epithelium of the rat retina (Johnsonat their parent cell bodies (data not shown).
Figures 7D±7F show a section that was double labeled et al., 1996). Recently, antibodies that recognize the
VGAT became available (McIntire et al., 1997; SagneÂ etfor GluR2 (Figure 7D) and the r subunits of the GABACR
(Figure 7E). GluR2 immunoreactivity is concentrated at al., 1997) and were found in the rodent retina to label
amacrine and horizontal cells (J. G. Cueva et al., 1999,five cone pedicles in two bands of hot spots. GABACR
is prominent at these five cone pedicles and at some Soc. Neurosci., abstract; J. G. Cueva et al., 2000, submit-
ted). We applied these antibodies to sections of therod spherules. Bipolar cells and their ascending den-
drites are weakly labeled (data not shown). The superpo- monkey retina and performed a double labeling for the
VGAT (Figure 7G) and the GABAAR a1 subunit (Figuresition of GluR2 and GABAC immunostaining (Figure 7F)
Cone Pedicle Synaptic Architecture
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Figure 7. The Localization of the a1 Subunit of the GABAAR and the r Subunits of the GABACR in the OPL
(A±C) Composite fluorescence micrographs of a vertical section through five cone pedicles that was double labeled for GluR4 (A) and for the
a1 subunit of the GABAAR (B).
(C) Superposition of (A) and (B) shows that the GABAARs (red) are sandwiched between the two GluR4 bands (green).
(D±F) Composite fluorescence micrographs of a vertical section through five cone pedicles that was double labeled for GluR2 (D) and the r
subunits of the GABACR (E).
(F) Superposition of (D) and (E) shows that the GABACRs (red) are sandwiched between the two GluR2 bands (green).
(G±I) Fluorescence micrographs of a slightly oblique section through seven cone pedicles that was double labeled for the VGAT (G) and the
a1 subunit of the GABAAR (H).
(I) Superposition of (G) and (H) shows that the GABAARs (red) are sandwiched between the two bands of most intense VGAT expression
(green).
(J) Electron micrograph of a section through the cone pedicle synaptic complex that was immunolabeled for the a1 subunit of the GABAAR.
GABAARs decorate the dendrites of bipolar cells in a narrow band in between the cone pedicle base and the desmosome-like junctions
(arrows). The closed arrowhead points to a ribbon.
Scale bars, 10 mm (A±I) and 1 mm (J).
7H). VGAT immunoreactivity in the OPL is strongest at second case would be in favor of the transporter-medi-
ated release. Leaving aside for the moment the precisethe cone pedicle base (Figure 7G), and weak label also
decorates the horizontal cell perikarya (data not shown). mode of GABA release, the concentration of VGAT at
the dendritic tips suggests that GABA is locally releasedThe highest expression of VGAT appears to coincide
with the invaginating contacts of horizontal cells and there. And more importantly, there seems to be a good
spatial match between the GABARs expressed alongthe layer of the desmosome-like junctions 1±2 mm un-
derneath the cone pedicles. Because the section is the bipolar cell dendritic terminals and the expression
of VGAT in horizontal cell dendrites.slightly oblique, the cone pedicle base appears more
blurred than in the other micrographs. Expression of
the GABAAR a1 subunit is concentrated underneath the
cone pedicle (Figures 7B and 7H). Superposition of The Cone Pedicle Architecture
The detailed architecture of the synaptic complex of aVGAT and the GABAAR a1 subunit shows that the recep-
tors are sandwiched in between the two bands of high cone pedicle, summarizing our findings, is shown sche-
matically in Figure 8A. Four ribbon synapses receive theVGAT expression (Figure 7I).
We do not yet know whether VGAT, which apparently invaginating dendrites of horizontal cells (red) and ON
bipolar cells (green). OFF cone bipolar cells (blue) con-is aggregated in the dendritic terminals of horizontal
cells, is associated with synaptic vesicles or whether it tact the cone pedicle at basal junctions. The dendrites
of OFF cone bipolar, ON cone bipolar, and horizontalis inserted into the plasma membrane. The first case
would predict a vesicular release of GABA, while the cells occupy three bands beneath the cone pedicle. The
Neuron
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Figure 8. The Synaptic Complex of Cone Pedicles
(A) Schematic drawing of the cone pedicle with the dendrites of horizontal (red), ON cone bipolar (green), and OFF cone bipolar (blue) cells.
The desmosome-like junctions are indicated by the black double lines.
(B) Drawing of the cone pedicle and the precisely laminated expression of GluRs and GABARs (see text for detailed description).
bands are perforated by the vertical processes as- zones of 20±40 synaptic ribbons within the triads. Syn-
aptic vesicles are aggregated at the ribbons, as are Ca21cending toward the pedicle. Desmosome-like junctions
(1.5 mm underneath the cone pedicle) are in most in- (Morgans, 1999), and several presynaptic proteins, such
as bassoon, decorate the active zone at the ribbonsstances associated with horizontal cell dendrites; how-
ever, we cannot exclude at present that bipolar cell (BrandstaÈ tter et al., 1999). The postsynaptic elements
of the cone pedicle have up till now been thought todendrites also participate. The localization of the trans-
mitter receptors is shown in Figure 8B, and their stratifi- consist of the invaginating dendrites of horizontal and
bipolar cells at the triads and basal contacts of bipolarcation from top to bottom is as follows. GluR2, GluR2/3,
and GluR4 immunoreactivities are clustered at invagi- cells (Figure 1; Dowling and Boycott, 1966; Raviola and
nating horizontal cell dendrites and at bipolar cell basal Gilula, 1975). In the present study, we add a third post-
junctions. GluR1 is found preferentially at the cone pedi- synaptic structure, the desmosome-like junctions un-
cle base. The GABAAR a1 subunit and the GABACR r derneath the cone pedicle. It is likely that glutamate
subunits occupy a broad band immediately underneath released at the ribbons would have to diffuse to these
the cone pedicle. GluR2, GluR2/3, and GluR4 immunore- three postsynaptic structures to exert its function.
activities are also aggregated at the desmosome-like One might argue that the desmosome-like junctions
junctions in a band z1-2 mm underneath the cone pedi- are too far away from the release sites and that action
cle. Such stratification of glutamate receptors at the of glutamate by diffusion is not possible. However,
cone pedicle base has also been observed in mouse MuÈ ller cell processes, which perform the most efficient
and cat retinae (data not shown) and appears to be a glutamate uptake in the retina, are absent from cone
general principle of the molecular architecture of cone pedicles and rod spherules (Sarantis and Mobbs, 1992;
pedicles in mammals. Derouiche and Rauen, 1995; Rauen et al., 1998; Pow and
It is difficult to compare the distribution of GluRs, Barnett, 1999). Theoretical considerations have shown
as described in the present study, with the results of that such an action by diffusion is possible (Rao-Mirotz-
Morigiwa and Vardi (1999). Since we applied very short nik et al., 1995; Ribble et al., 1997, Invest. Ophthalmol.
fixation and immunofluorescence, we could actually de- Vis. Sci., abstract). The diffusion of glutamate from the
tect the GluR hot spots by light microscopy. Morigiwa release sites at the ribbons to the desmosome-like junc-
and Vardi (1999) applied longer fixation and, mostly, tions would take z1 ms (Barbour and HaÈ usser, 1997),
the diaminobenzidine reaction for visualization, which which is an order of magnitude smaller than the delay
mainly reveals the extrasynaptic GluR distribution in between the absorption of a photon and the electrical
light micrographs. The electron micrographs of Mori- response of the cone (Schneeweis and Schnapf, 1995,
giwa and Vardi (1999) depict only the cone pedicle base 1999). Moreover, an anatomical and physiological study
and do not show the layer of desmosome-like junctions. of the cone synapse of the goldfish retina has shown
The GluR1 subunit was not studied by Morigiwa and that the diffusion of glutamate is much faster than are
Vardi (1999). Our finding that GluR2/3 and GluR4 are the horizontal cell dynamics (Vandenbranden et al.,
found in bipolar cell basal junctions and horizontal cell 1996). This diffusion of glutamate contributes, therefore,
invaginating processes is in agreement with their find- only a minute fraction to the total delay of the retinal
ings. However, we did not observe these subunits on light response.
bipolar cell invaginating contacts. Throughout the paper, we have used the term ªdes-
mosome-like junctionsº (Missotten, 1965; Dowling and
Boycott, 1966); however, desmosome markers, such asDiscussion
plakoglobin, desmocollin, desmoplakin, pan-cadherin,
and catenin did not label these junctions (PaffenholzA Third Postsynaptic Layer at Cone Pedicles?
et al., 1999), which would suggest that they are notCones are hyperpolarized by light and depolarized in
desmosomes or adherens junctions (Gumbiner, 1996).darkness, and a graded release of glutamate at the cone
We offer here another interpretation of these junctions:output synapse, the cone pedicle, transfers this signal
the postsynaptic density is a complex network of trans-to the postsynaptic neurons. The actual release sites of
glutamate at the cone pedicles are close to the active mitter receptors, anchoring proteins, and cytoskeletal
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components (Kennedy, 1997). Conventionally, postsyn- pedicles and in rod spherules and hot spots at the level
of the desmosome-like junctions were most intenselyaptic densities and presynaptic release sites are op-
posed, and this complex is stabilized by molecules labeled. Only electron microscopy, together with post-
embedding immunolabeling, can resolve the issue re-bridging the synaptic cleft (Irie et al., 1997). No signs of
presynaptic specializations could be detected at the garding the precise ultrastructural localization of VGAT
to the plasma membrane or to vesicles inside the den-desmosome-like junctions, but glutamate receptors
were often observed in both members of the junction. dritic/axonal terminals. However, if we assume that
VGAT plays some role in the release of GABA by hori-The same holds for the postsynaptic density protein
SAP102. It is therefore an attractive idea to consider zontal cells, the specific accumulation of VGAT close
to the dendritic and axonal terminals suggests a localdesmosome-like junctions as a pair of postsynaptic den-
sities linked together in the same way as pre- and post- release of GABA upon depolarization of the horizontal
cells. The release of GABA from horizontal cells couldsynaptic densities in conventional synapses.
Most of these junctions occur between PV-immunore- also be cone specific; since the glutamate receptors are
aggregated underneath every cone pedicle, it is possibleactive processes (Figure 5) and are, therefore, between
horizontal cell dendrites. However, a few junctions did that they cause a small, local membrane depolarization
that triggers the release of GABA at that particular cone.not show PV immunoreactivity, and it remains possible
that bipolar cell dendrites also participate in these junc- Such local and thus cone-specific action of horizontal
cells in the monkey retina is not mere speculation, be-tions. Of the glutamate receptor subunits studied,
GluR2, GluR2/3, and GluR4 were clustered at the junc- cause recently it has been shown by intracellular re-
cordings that cone-specific sensitivity regulation occurstions. Whether they all occur in the same hot spots or
whether receptors of different subunit composition exist before the summation of cone signals by horizontal cells
(Lee et al., 1999).needs further investigation. It is also unknown at present
whether the two types of horizontal cells express the
same sets of glutamate receptors. Results from the cat The Localization of GABA Receptors
retina, where A- and B-type horizontal cells differ in The pattern of aggregation of VGAT (Figure 7G) would
the composition of their glutamate receptors (Qin and predict that GABA is released from the horizontal cells
Pourcho, 1996), suggest specific patterns of expression. at their invaginating contacts and close to the desmo-
One might ask why is there a need for a third postsyn- some-like junctions. GABA receptors on bipolar cell
aptic layer underneath the cone pedicle. Each cone ped- dendrites form a layer in between these two putative
icle provides synaptic output to several hundred post- release sites (Figure 7), suggesting that GABA could
synaptic processes, and, given the restricted size of diffuse from either side to activate these receptors.
cone pedicles, especially in the primate fovea, there Hence, there appears to be a spatial correspondence
would seem to be a packing problem that has been between the release of GABA from horizontal cells and
solved by adding this third postsynaptic layer. However, the aggregation of the GABARs. Not only elucidation of
as discussed in the following paragraph, there are possi- the precise function of this local, but not strictly synap-
bly additional reasons for the layering of the postsynap- tic, transmission but also the cellular mechanisms that
tic glutamate receptors. cause such specific and matching aggregations should
prove intriguing.
It has to be emphasized that not only the bipolar cellsThe Release of GABA from Horizontal Cells
underneath the cone pedicles express GABARs; physio-Horizontal cells of the primate retina express GABA-
logical experiments have shown that cone pedicleslike immunoreactivity (GruÈ nert and WaÈ ssle, 1990) and
themselves respond to GABA (Wu, 1994). Although thecontain the GABA-synthesizing enzyme glutamic acid
molecular composition of the GABARs expressed bydecarboxylase (GAD 65; Vardi et al., 1994). This sug-
cone pedicles is still unknown, the local release ofgests that similar to horizontal cells in other vertebrates,
GABA, proposed in the present study, would also servethey release GABA as their transmitter (Yazulla, 1995).
as an appropriate source for such cone pedicleAlthough there are some reports of conventional vesicu-
GABARs.lar synapses made by horizontal cells (Linberg and
Fisher, 1988), most contacts made by horizontal cells
Experimental Procedureslack the morphological specializations expected in con-
ventional synapses (Yazulla, 1995). Indeed, it is known
We studied seven retinae from four adult macaque monkeys, Ma-that GABA release from horizontal cells is Ca21 indepen-
caca fascicularis, that were killed after electrophysiological experi-
dent, nonvesicular, and carrier mediated (Attwell et al., ments unrelated to those described here. Animals were given a
1993; Schwartz, 1993, 1999). GABA release from hori- lethal dose of pentobarbitone, and the eyes were quickly removed.
zontal cells was remarkably similar to the properties of The posterior eye cup was immersion fixed in 2% paraformaldehyde
the GABA transporter GAT-1, stably expressed in a cell in 0.1 M phosphate buffer (PB) for 30 min. The retina was dissected
out and immersed in 30% sucrose in PB overnight. For light micros-line (Rakhilin and Schwartz, 1994). Unfortunately, it does
copy, vertical and horizontal sections were cut with a cryostat andnot seem to be expressed in horizontal cells.
processed for immunofluorescence (GruÈ nert and WaÈ ssle, 1993). ForThe present anatomical study adds some important
electron microscopy, vibratome sections were cut and processeddetails to the mechanism of GABA release by horizontal
as described previously (SassoeÁ -Pognetto et al., 1994).cells. In agreement with other mammalian retinae (J. G.
Cueva et al., 1999, Soc. Neurosci., abstract; J. G. Cueva
Antibodies
et al., 2000, submitted), we found that monkey horizontal Antibodies against different GluR subunits were purchased from
cells express the VGAT (Figure 7). This transporter Chemicon (rabbit anti-GluR1, Ab 1504; rabbit anti-GluR2/3, Ab 1506;
showed a low level of expression all along the horizontal rabbit anti-GluR4, Ab 1508). A mouse anti-GluR2 (clone 6C4, 60671A)
cell membrane but was greatly enriched at the photore- was purchased from Pharmingen. The rabbit antibody against
SAP102 was kindly provided by Dr. C. Garner (University of Alabama,ceptor synaptic terminals; the lateral elements in cone
Neuron
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Birmingham, AL). The rabbit polyclonal antibodies against VGAT L-aspartate transporter (GLAST) and glutamine synthetase (GS) im-
munoreactions in retinal glia: evidence for coupling of GLAST andwere kind gifts of Dr. Robert Edwards (University of California, San
Francisco, CA) and Dr. Bruno Gasnier (CNRS, Paris, France). The GS in transmitter clearance. J. Neurosci. Res. 42, 131±143.
rabbit polyclonal antibody against the r subunits of the GABACR Dowling, J.E., and Boycott, B.B. (1966). Organization of the primate
has been generated in our laboratory (Enz et al., 1996). The mouse retina: electron microscopy. Proc. R. Soc. Lond. B Biol. Sci. 166,
monoclonal antibody against the a1 subunit of the GABAAR (bd24) 80±111.
was purchased from Roche Diagnostics (Mannheim, Germany). The
Enz, R., BrandstaÈ tter, J.H., WaÈ ssle, H., and Bormann, J. (1996).mouse monoclonal antibody against PKCb was purchased from
Immunocytochemical localization of the GABAC receptor r subunitsSeikagaku (Tokyo, Japan). The mouse monoclonal antibody against
in the mammalian retina. J. Neurosci. 16, 4479±4490.ROB was a kind gift of Dr. S. C. Fujita (Mitsubishi-Kasei Institute
Greferath, U., GruÈ nert, U., MuÈ ller, F., and WaÈ ssle, H. (1994). Localiza-of Life Sciences, Tokyo, Japan). The mouse monoclonal antibody
tion of GABAA receptors in the rabbit retina. Cell Tissue Res. 276,against PV was obtained from Sigma, and the rabbit polyclonal
295±307.antibody against PV was obtained from Swant (Bellinzona, Switzer-
land). The mouse anti-g-catenin (plakoglobin) antibody was pur- GruÈ nert, U., and WaÈ ssle, H. (1990). GABA-like immunoreactivity in
chased from Chemicon (mAb 2083). The rabbit anti±pan desmocollin the macaque monkey retina: a light and electron microscopic study.
antibody was purchased from Serotec, Oxford, UK. The mouse anti- J. Comp. Neurol. 297, 509±524.
desmoplakin antibody was purchased from Roche Diagnostics
GruÈ nert, U., and WaÈ ssle, H. (1993). Immunocytochemical localization
(clones DP1 and DP2). The rabbit anti-GAT-1 (Ab 1570) and anti-
of glycine receptors in the mammalian retina. J. Comp. Neurol. 335,
GAT-3 (Ab 1574) antibodies were purchased from Chemicon. Sec-
523±537.
ondary antibodies for light microscopy were conjugated to either
GruÈ nert, U., Martin, P.R., and WaÈ ssle, H. (1994). Immunocytochemi-Alexa TM 594 (red fluorescence) or Alexa TM 488 (green fluores-
cal analysis of bipolar cells in the macaque monkey retina. J. Comp.cence) and were purchased from Molecular Probes (Eugene, OR).
Neurol. 348, 607±627.
Gumbiner, B.M. (1996). Cell adhesion: the molecular basis of tissueLight Microscopy
architecture and morphogenesis. Cell 84, 345±357.Fluorescent specimens were viewed using a Zeiss Axiophot micro-
scope equipped with a fluorescent filter set that was wedge cor- Hack, I., Peichl, L., and BrandstaÈ tter, J.H. (1999). An alternative
rected, i.e., shifting from one filter to the other filter did not introduce pathway for rod signals in the rodent retina: rod photoreceptors,
spatial displacements. Micrographs were taken either with Kodak cone bipolar cells, and the localization of glutamate receptors. Proc.
TMY400 black-and-white film or with a cooled CCD camera (Spot 2, Natl. Acad. Sci. USA 96, 14130±14135.
Diagnostic Instruments, Sterling Heights, MI). Confocal micrographs Hollmann, M., and Heinemann, S. (1994). Cloned glutamate recep-
were taken using a Leica TCS SP confocal microscope equipped tors. Annu. Rev. Neurosci. 17, 31±108.
with a krypton±argon laser. Laser lines and emission filters were
Honda, S., Yamamoto, M., and Saito, N. (1995). Immunocytochemi-optimized with Leica TCS Power Scan software. Brightness and
cal localization of three subtypes of GABA transporter in rat retina.contrast of the images were adjusted using Adobe Photoshop 5.0.1.
Mol. Brain Res. 33, 319±325.
Hu, M., Bruun, A., and Ehinger, B. (1999). Expression of GABA trans-Acknowledgments
porter subtypes (GAT1, GAT3) in the adult rabbit retina. Acta Oph-
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